Abstract -Cold-set whey protein isolate gels (7% w/w) were produced by the addition of different amounts of glucono-δ-lactone to thermally denatured protein solutions. After 48 h of incubation at 10
INTRODUCTION
Whey proteins (WP) are widely used as an ingredient in the food industry because of their excellent functional and nutritional properties. They are globular proteins with molar mass ranging from 14 to 1000 kg · mol −1 and are composed of 60% β-lactoglobulin (β-Lg), 22% α-lactoalbumin, (α-La), 5.5% bovine serum albumin (BSA) and 9% immunoglobulins (Ig). The iso-electric points of these proteins are 5.2 for β-Lg, from 4.2 to 4.5 for α-La, from 4.7 to 4.9 for BSA and between 5.5 and 6.8 for Ig [8, 26] .
Heat-induced aggregation and gelation of whey proteins has been extensively studied and reported in the literature [21] . The combined control of thermal WP denaturation and solvent quality can lead to a gelling process called "cold gelation" that can be used in a variety of products, such as surimi, mayonnaise and gelatinelike desserts [8] . This method of gelation consists of two steps. First, a solution of native globular proteins is heated at neutral pH (well above the iso-electric point), at low ionic strength and a protein concentration lower than the gelation concentration. In this first step, unfolding of the native proteins is followed by aggregation into disulphide cross-linked aggregates. Under the conditions described, the proteins have a net surface charge and repulsive forces will prevent random aggregation, resulting in the formation of soluble aggregates. After cooling to room temperature, a stable dispersion of aggregates is obtained, which does not gel for a period of hours, depending on the denaturation conditions [2, 19] . In the second step, a change in the quality of the solvent induces gelation. Turbid, particulate gels are formed after the addition of relatively large amounts of salt or after acidification in the direction of the iso-electric point. Usually, acid-induced cold-set gels are stronger than salt-induced cold-set gels, for the same protein concentration [19] .
Among the functional properties of proteins, solubility is of primary importance due to its significant influence on the other functional properties of proteins. High solubility provides good emulsions, foam, gelation and whipping properties. Since most conventional food products contain more than 50% water, good water-holding capacity is essential, because consumers tend to avoid products that show free water in the package [4] . Protein solubility is considered to be the result of surfaceactive properties such as protein-protein and protein-solvent interactions [10] . The balance of these interactions between adjacent polypeptide chains will also interfere in gel formation [8] . The solubility of whey protein gels in different buffer media has been used to understand interactions between whey protein molecules [25] . Solubility in different buffer media was also used in an attempt to associate solubility properties with the network molecular interactions, which could be responsible for the rheological and water-holding properties of the systems [22] [23] [24] [25] 29] . The knowledge of system rheological or mechanical properties is of great importance, since texture attributes can be significantly correlated with these properties.
The objective of this study was to investigate the interactions between whey proteins under cold-set gelation conditions produced by heat treatment and by pH modifications in the direction of the WP pI. Acidification conditions were used in order to obtain gels with final pH values near the pI of the different fractions of WP, after 48 h of acidification at 10
• C. Interactions between the WP fractions in the gel network were studied by protein solubility experiments followed by polyacrylamide gel electrophoresis. The protein network structure formed was also evaluated by measurement of the water-holding capacity and uniaxial compression.
MATERIAL AND METHODS

Material and chemicals
The whey protein isolate (WPI), Lactoprodan, was kindly donated by Arla Foods Ingredients (Viby J, Denmark). According to SDS-PAGE experiments [20] , this WPI is comprised mainly of β-Lg (56%), α-La (31%) and BSA (7%), plus some other minor fractions and denaturated protein, as determined by densitometry (see Sect. 3.1). The protein concentration in the powder was 92.4% and the lactose content 0.6%, as determined by the Kjeldahl procedure [3] and phenol sulphuric method [16] , respectively. The total solids content was 94.3% (5.7% moisture, wet basis). The ion content of the WPI was determined by atomic absorption spectroscopy, showing the following composition (w/w %): 0.05 Ca 2+ , 0.63 Na + and 0.65 K + . The ester GDL was purchased from Sigma Aldrich Corporation (St Louis, USA).
Gel preparation
Seven % (w/w) WPI solutions were prepared by dissolution of the powder in deionised distilled water, with magnetic stirring for 90 min at room temperature. During this period the pH was kept at 6.7. These solutions were then subjected to heat treatment at 80
• C for 30 min in a stainless steel jacketed vessel. WPI solutions (0.3 L) were poured into a 0.75-L internal volume vessel and the temperature kept constant at 80
• C by rapid water circulation in the inner part of the jacket, using a controlled-temperature water bath (QUIMIS, São Paulo, Brazil). During heat treatment the WPI solutions were subjected to gentle mechanical agitation. Temperature measurements made in preliminary experiments with WPI solutions showed values of around 80
• C within 5 min after pouring the solutions into the vessel. PAGE experiments [20] were performed on samples removed after this heating step to evaluate the extent of thermal WP denaturation.
After the heat treatment, the solutions were rapidly cooled to 10
• C in an ice bath.
Different concentrations of GDL powder were then added to the cooled solutions and gently stirred for 1 min. All the systems were then stored at 10
• C for 48 h and different final pH values were achieved.
Immediately after adding the GDL to the thermally denatured protein solutions, part of each system was gently poured into small plastic tubes with internal diameters of 20 mm and 25 mm in height, and sealed in order to avoid evaporation during storage. Just before each analysis, the gels were gently removed from the plastic tubes and subjected to uniaxial compression measurements. Some gels were also cut with a sharp blade and a small piece from the centre subjected to the WHC experiment, or blended with water or buffers in the protein solubility experiment. The GDL concentration used to prepare the systems depended on the protein concentration and final pH desired, which was expressed as the GDL/WPI (% w/w) ratio. WHC and protein solubility experiments were performed using GDL/WPI ratios of 0.084, 0.115, 0.135, 0.186, 0.220 and 0.350, which resulted in final pH values of 5.2, 4.9, 4.7, 4.6, 4.2 and 3.9 after 48 h of storage at 10
• C, respectively. Some conditions were chosen due to their closeness to the iso-electric point of the main whey proteins: 5.2 for β-Lg, and between 4.2 and 4.8 for α-La and BSA [26] , but the pH value of 3.9 corresponded to a system condition of over-acidification. The uniaxial compression tests were performed using GDL/WPI ratios between 0.084 and 0.220. At pH 3.9, the mechanical properties were not determined because the gels were not self-supporting (were not able to maintain their form sufficiently for the compression experiments). In all the studies, the fall in pH caused by GDL hydrolysis was measured using a Sentron 2001 pH meter (Sentron Inc., Gig Harbor/Washington, USA) equipped with an electrode calibrated at the reaction temperature, over the pH range from 7.0 to 4.0.
Mechanical properties
Uniaxial compression experiments were carried out using a TA-XTIIi Texture Analyser (Stable Microsystems Ltd., Godalming, UK) equipped with a lubricated acrylic cylindrical plate (40 mm diameter). The gels were compressed to 80% of their original height using a crosshead speed of 1 mm · s −1 . All measurements were done with five replications at 10 ± 1
• C. The force and height data were transformed into Hencky stress (σ H )-Hencky strain (ε H ) curves [30] . The rupture properties (stress and strain) were obtained from the maximum point of the stress-strain curve, while Young's modulus was the slope of the initial linear region of this curve.
Water-holding capacity (WHC)
The WHC of the gels was determined by weighing the gel pieces before and immediately after centrifugation. The gels were wrapped in Whatman 1 filter papers (Maidstone, UK) and gently placed in centrifuge tubes. The tubes were centrifuged at 120× g for 5 min [23] at 10
• C using an Allegra 25 R BECKMAN centrifuge (Fullerton-USA). The WHC was expressed according to equation 1:
where water gel and water remaining represent the amounts of water in the gel before and after centrifugation, respectively.
Determination of protein solubility
The protein solubility of the WPI gels was determined in deionised distilled water (DW) and in four different buffer systems:
Na 2 EDTA) (B), and the same standard buffer containing 0.1% β-mercaptoethanol (BM), 6 mol · L −1 urea (BU) or 0.1% β-mercaptoethanol plus 6 mol · L −1 urea (BUM). During the dissolution experiments the water and buffers were kept at refrigerated temperatures, and after dissolution the supernatants obtained were immediately subjected to a refrigerated environment. After dissolution in water, no modifications in pH values of the systems of more than 0.2 pH units were observed. Gel dispersions were prepared by adjusting the protein concentration of the dispersions to 0.1% (w/w). The solutions were homogenised at room temperature using an Ultra-Turrax IKA model T18 basic (Staufen, Germany) at 10 000 rpm for 2 min. Homogenised solutions were then centrifuged at 20 000× g for 15 min in an Allegra 64 R Beckman centrifuge (Fullerton, USA) and the dissolved protein determined in the supernatant fraction. The protein concentration in the supernatant was determined immediately after centrifugation (less than 30 min) at 280 nm in a Beckman Du 70 Spectrophotometer (Fullerton, USA) using an apparent extinction coefficient (E 0.1% 1 cm ) of 9.1. The extinction coefficient was obtained by measuring the absorbance at 280 nm of a 0.1% whey protein solution, the concentration of which was determined by the Kjeldhal method. These soluble fractions were also immediately subjected to PAGE analysis (less than 1 h after centrifugation) for the characterisation of whey protein fractions in the supernatant.
Polyacrylamide gel electrophoresis (PAGE)
The soluble fractions from the WP gels extracted in water and in Tris buffer (B or BM in the solubility experiments) were analysed by polyacrylamide gel electrophoresis (PAGE) using a vertical slab Mini-Protean electrophoresis system (BioRad Laboratories, Hercules, CA, USA). Native PAGE and sodium dodecyl sulphate SDS-PAGE (reducing and non-reducing conditions) analyses [20] were performed. The resolving and stacking gels contained 5% and 15% of acrylamide, respectively, giving an effective separation range between 12 and 200 kg · mol −1 [11] . After protein quantification for each protein solubility extraction, 10 μg of protein (except when specified in the results and discussion section) were diluted in equal volumes of 3 different loading buffers with the same base of 0.05 mol · L −1 Tris-HCl (pH 6.8), 10% glycerol and 0.1% bromophenol blue. This buffer was used for the Native PAGE runs (non-dissociating conditions). For the SDS-PAGE analyses, the samples were diluted in the same buffer, but with the addition of 2% SDS (dissociating nonreducing conditions) or with the addition of 2% SDS plus 0.1 mol · L −1 β-mercaptoethanol (β-ME) (dissociating and reducing conditions). Under dissociating conditions, the proteins were completely dissociated by immersing in boiling water for 2 min. These samples were then loaded into polyacrylamide wells in the stacking gel. The gels were run at 200 V and then stained with Coomassie Brilliant Blue in methanol:acetic acid:water (45:10:45 v/v) and diffusion-destained by repeated washing in a methanol:acetic acid:water solution (10:5:85 v/v). A prestained Invitrogen TM Bench Marker protein leader (Bioagency International CorpJacksonville, USA) and pure fractions of β-lactoglobulin, α-lactoalbumin, BSA and α, β, and κ-caseins (Sigma Aldrich Corporation, St Louis, USA) were used as markers.
Pictures of the gels were taken using an Eagle Eye video system (Stratagene, La Jolla, USA), which also allowed the densitometric analysis of the bands using the software Stratagene Eagle Sight (Stratagene, La Jolla, USA). The band intensities were used to determine the protein composition of each WP fraction (C WPsup ) in the water-supernatant of the water solubility experiments. The data were analysed in relation to the total initial protein content (Eq. (2)) or initial WP protein fraction content in the gel (Eq. (3)):
where m WP S is the mass composition of each WP water-soluble fraction, m total GP is the initial total amount of protein and m WP gel is the initial WP protein fraction content in the gel. The precipitated fraction of WP (X WP ) was calculated by difference.
Protein electro-elution from the polyacrylamide gel
Protein aggregates observed in the Native PAGE of the water-soluble proteins were extracted from the polyacrylamide gels using a Bio-Rad Protein Electro-Eluter model 422 Module (BioRad Laboratories, Hercules, CA, USA). The stained bands were separated and cut off from at least 8 Native PAGE gels and minced into small pieces. The gel slices were then loaded into an electro-eluter and the equipment filled with the running buffer. The running buffer used in the elution was the same running buffer used in the Native PAGE and consisted of 25 mmol
glycine diluted in deionised distilled water. Elution was done at a constant current of 10 mA for 6 h against membrane caps with a 3.5 kg · mol −1 cut-off. At the end of elution a volume of about 0.6 mL was collected from the membrane caps, and a second elution carried out for a further 6 h using the same sample, under the same elution conditions. The eluted samples were then dialysed for 24 h against deionised distilled water with a 3.5 kg · mol −1 cutoff membrane. The water used for dialysis was changed twice with fresh distilled water. The sample was then collected and the volume reduced in an Eppendorf Vacufuge concentrator model 5301 (Westbury, USA) at room temperature. After concentration, the samples were analysed by polyacrylamide gel electrophoresis (PAGE) under reducing conditions, as described above.
Statistical analysis
Significant differences (P < 0.05) between the treatments were determined by the Tukey procedure. Statistical analyses were performed using the software Statistica 5.5 (Statisoft Inc., Tulsa, USA).
RESULTS AND DISCUSSION
Turbid gel formation was observed during acid gelation, with a gradual pH reduction. The formation of cold-set whey protein gels takes place at pH values above and around the β-Lg pI [1] since the formation of disulphide bonds occurs predominantly under these pH conditions. However, in the present research we studied the gels produced at different pH values, especially at β-Lg pI, because we were interested in evaluating the mechanical properties and consequently the molecular interactions of cold-set whey proteins formed at the pI of BSA and α-La. Previous results indicated that at slower acidification rates, the protein gels were stronger [5, 9] , which was attributed to molecular rearrangements after achieving the final pH values [9] . According to this study, the whey protein gels showed a great intensity of pH change up to 500 min (8 h) and then steadily decreased. Gels with a final pH of 5.2 were achieved in 29 h whilst gels with a pH of 4.2 were obtained in about 17 h. Since the systems showed no changes in pH after 48 h of acidification, the water-holding capacity, protein solubility and mechanical properties of the gels were evaluated at this point.
Soluble whey protein thermal aggregates
The protein composition and formation of the soluble protein aggregates due to heat treatment of the initial whey protein solution were evaluated by polyacrylamide gel electrophoresis (Fig. 1) . From the Native PAGE gels (Fig. 1A ) the initial characteristics of the WPI and the effects of heat treatment on the whey protein were observed by comparing the unheated solutions (lane 4) with the heatdenatured ones (lane 5). The pure milk fractions were loaded in order to identify the main WP in the sample (lanes 1, 2 and 3). The initial whey protein solution (not heated) showed a smeared band of aggregates in the top stacking gel and accordingly, the densitometry measurements of such aggregates corresponded to almost 5% of the initial whey protein composition. Such aggregates showed a molar mass above 200 kg · mol −1 , since they were unable to enter the 5% polyacrylamide stacking gel. The bands of the main whey protein fractions (β-Lg A and B, and α-La and BSA) can be visualised in the unheated solution, but were almost absent in the heated solution. However, an aggregate can be visualised at the top of the gel (disulphide-bonded material), corresponding to a high molar mass protein aggregate formed during heating. In the denatured WPI solution such aggregates corresponded to approximately 80% of the proteins loaded in the Native PAGE (Fig. 1,  lane 5) . Densitometry measurements also allowed the observation that almost 100% of the BSA and α-La were associated with large aggregates formed during heating, but a fraction of the initial amount of β-Lg (corresponding to approximately 30%) remained in solution and was not linked to the aggregates. Such results suggest that the majority of the whey protein fractions was involved in thermal aggregate formation under these heating conditions. Similar results of whey protein denaturation were observed in Native PAGE for whey protein concentrate [15] and WPI solutions with different protein concentrations [31] under similar conditions of heating to those applied in the present study.
An increase in intensity of bands corresponding to β-Lg and α-La can be observed in the heated WP solutions under non-reducing conditions, as compared with Native PAGE (Figs. 1A and 1B , respectively). Such results indicate that the SDS disrupted the non-covalent interactions amongst the WP aggregates, probably hydrophobic interactions, but disulphidebonded material still remained in the top stacking gel [15, 31] . Moreover, the heated solution (lane 4) showed bands of β-Lg and α-La monomers with lower intensities than those observed in the unheated solution (lane 3) and faint BSA bands. In the 176.5 kg · mol −1 region, a small and intense band can be observed in lane 3 and also in lane 4, but with weaker intensity. These bands could correspond to the Ig fraction [26] , since these proteins have high molar mass and are extremely heat-labile in the presence of other WP, possibly leading to interactions with the β-Lg and BSA via disulphide bond formation [26] . Other smeary bands can be visualised in the gel region between 26 and 37.4 kg · mol −1 , which could correspond to β-Lg dimers, as reported by some authors [14, 15, 18, 28] .
In the SDS-PAGE under reducing conditions (Fig. 1C) , the high molar mass aggregates showed weaker intensities at the top of the stacking gel as compared with under non-reducing conditions (Fig. 1B) . Consequently, the intensity of the WP bands (β-Lg, α-La and BSA) was greater under reducing conditions, showing similar patterns between unheated and heated solutions. These results indicate that intermolecular disulphide bonds between the WP fractions are also associated with WP aggregate stabilisation, despite the occurrence of non-covalent interactions (Fig. 1B) . Several models have been proposed in the literature to explain the possible mechanisms for the polymerisation of proteins during heating. In all these models the formation of aggregates are based on disulphide bonds between protein molecules during heating, with little or no emphasis on the importance of non-covalent bonding. However, these conclusions were based mainly on heating experiments with pure whey protein solutions, giving a clue of more complex mechanisms that may occur in protein isolate solutions, which are a mixture of whey proteins.
Protein solubility in water and in different buffer systems of cold-set gels
Soluble thermal aggregate solutions were acidified with different GDL concentrations in order to form gels. Figure 2 shows the results for the protein solubility of 6 different WP cold-set gels (pH values of 3.9, 4.2, 4.6, 4.7, 4.9 and 5.2) dispersed in water and in different pH 8.0 buffers. Comparing the values for protein solubility in DW one can observe that the WP gel with the highest protein solubility was obtained at pH 3.9 (far from the pI of the whey proteins). The lowest solubility values (5%) were obtained at pH values between 4.2 and 4.9, close to the iso-electric point of α-La and BSA, while solubility was slightly higher (9%) near the pI of β-Lg. It was observed that the WP gels were more soluble in all the pH 8.0 buffers than in water (Fig. 2) . The solubility values in the standard buffer (B) and in the same buffer with the addition of β-ME (BM) were between 75% and 90%, and the lowest solubility values (75-77%) were observed at pH 4.2. No significant differences in the solubility values of the gels dispersed in buffers B or BM for each gel final pH evaluated were observed. However, when gels were dispersed in buffers containing urea (BU and BUM), the protein solubility was nearly 100% for all the gels studied.
The patterns obtained for gel protein solubility in water (U-shaped curves with minimal values around the pI) can be attributed to the characteristics of the protein interactions occurring during gel formation. When the pH was lowered by GDL hydrolysis, the negative charge of the proteins was progressively neutralised, diminishing protein electrostatic repulsion and favouring protein-protein interaction. As a result, there was less water to interact with the protein molecules near the pI, favouring protein precipitation [32] .
The higher solubility in pH 8.0 buffer (B) than in water (DW) suggests that the interactions amongst the acidified WP proteins were mainly electrostatic in nature for all the pH values studied [26] . Such behaviour could be explained by the fact that the solubility of the proteins increased at higher pH values, far from the pI values of the proteins (buffer pH 8.0). In such conditions the proteins show a predominance of negative charges, leading to an increase in electrostatic repulsion between protein molecules, causing protein dissolution and thereby increasing protein solubility [32] .
No significant differences were found between the extractions made in (B) and (BM) buffers, despite the formation of S-S bonds between the WP during the heating step, as attested by the PAGE experiments (Sect. 3.1). This fact could be attributed to the greater amount of electrostatic as compared with S-S bonds, making it difficult to identify and quantify these disulphide interactions.
The presence of urea (a denaturant agent) produced dissolution by disrupting non-covalent interactions such as hydrophobic and hydrogen bonding [27] among whey protein aggregates in the gel network. At pH 4.2 the differences in solubility between the buffers BM and BU or BUM was greater than observed at other pH values, suggesting that under these acidification conditions (final pH at the α-La pI) hydrophobic and hydrogen bonding were present in higher amounts in the aggregates forming the gel network, in spite of the β-Lg and BSA fractions being far from their isoelectric points at this pH. Figure 3 shows the water-holding capacity properties of the systems studied.
The results show that cold-set WP gels produced at the lowest and highest GDL/WPI ratios (pH values of 5.2 and 3.9) retained more water after centrifugation than gels with intermediate pH values. Systems with a final pH value of 5.2 showed WHC of 74%, and with a final pH of 3.9 (over acidification conditions), the WHC was 84.80%. Gels with final pH values near the pI of BSA and α-La (4.9 to 4.2) exhibited WHC between 62 and 68%. WHC patterns were very similar to those observed for protein solubility in water (the same U-shaped curves with minimal values around the pI), suggesting that protein interactions around the pI (mainly electrostatic) also reduced water retention amongst protein segments in the gel.
The solubility patterns obtained in DW and in the different pH 8.0 buffers allowed 2 kinds of interaction to be distinguished in the protein network of the acidified gels: (1) interactions between part of the proteins with water, by hydrogen bonding, and (2) interactions amongst the greater part of the proteins by electrostatic and hydrophobic interactions and even by hydrogen bonding, the latter two being more significant at pH 4.2. Disulphide bond interactions were probably responsible for keeping the protein aggregates formed during heat treatment, but they could not be identified in the solubility experiments. Electrophoretic experiments were performed in order to evaluate the aggregates or individual WP fractions that were soluble in DW or in the pH 8.0 buffers. Figure 4 shows the electrophoretic mobility patterns of the soluble protein extracted in water (DW) in Native (A) and SDS-PAGE under non-reducing (B) and reducing conditions (C). Samples at pH values between 4.6 and 5.2 showed pronounced bands for β-Lg A and β-Lg B (particularly at pH 4.6), and weaker bands corresponding to α-La (Fig. 4A ). Samples at pH 3.9 and 4.2 showed bands of lesser intensity for β-Lg (A and B) and α-La. Protein aggregates (marked as aggregates 1 and 2) can be seen in the resolving gel between the α-La band and the stacking gels at all pH values, but almost no bands corresponding to BSA could be visualised.
PAGE of water-soluble protein fractions
The water-soluble protein observed in Figure 4A could be participating in the gel network through weak non-covalent interactions formed during the pH decrease or could have been entrapped in the network, and was then dissociated from the gel matrix during the dissolution procedure (Fig. 2) . The total BSA and α-La present in the initial WPI were linked to the protein aggregates formed after the initial heat treatment step, while the β-Lg was only 70% linked to the aggregates (Sect. 3.1). Such results suggest that α-La, part of the β-Lg and a small fraction of BSA, as well as aggregates 1 and 2 (Fig. 4A) , could be dissociated from the protein aggregates formed in the initial heating step, due to possible rearrangements in such aggregates, which were induced by the acidification conditions during the cold-set gelation step. However, part of the observed β-Lg fractions soluble in water after acidification (Fig. 4A) probably came from the β-Lg not linked into soluble whey protein aggregates.
The PAGE patterns observed in Figures 4B and 4C were similar, showing intense bands for β-Lg and weaker bands for α-La in all samples, and BSA bands were almost not observed. Although the ideal sample load corresponds to 10 μg of protein, in these experiments the samples were overloaded (20 μg) in an attempt to visualise the α-La and BSA bands better. The lack of bands for aggregates 1 and 2 in Figure 4B could indicate that these aggregates were stabilised by non-covalent interactions, such as hydrophobic and electrostatic interactions. Moreover, the similar PAGE patterns found in Figures 4B and 4C could indicate that disulphide bonds were not involved in the structure of these watersoluble aggregates.
Electro-elution experiments were performed for a qualitative analysis of the protein constituents of aggregates 1 and 2 observed in Native PAGE (Fig. 4A ). The bands extracted were then analysed by SDS-PAGE under reducing conditions and the results can be seen in Figure 5 . An intense β-Lg band and very weak BSA bands can be observed in aggregate 1, which could be related to the formation of hydrophobically-bonded aggregates between β-Lg and BSA during the first heating step [12, 13] . However, aggregate 2 constituted β-Lg and α-La, as can be visualised in lane 4. Although BSA bands were almost not observed in Figures 4A, 4B and 4C, the electro-elution results suggested that BSA was present in aggregate 1, indicating that this protein was mostly linked to another protein in the water-soluble fractions.
The weak intensity of the α-La bands in the water-soluble fraction, as shown in Figure 4 (A, B and C), could be correlated with the following facts: (1) formation of large disulphide-bonded polymers between this whey protein fraction due to the first heating step [13] , (2) α-La aggregation when heated in the presence of β-Lg [12] or (3) precipitation of α-La at pH values near its iso-electric point or even lower pH values, due to conformational transition of the α-La structure, involving dissociation of the strongly bound calcium ion [6, 7] . The first and second facts could partly explain the minor intensity of α-La bands in the water-soluble fractions, but the lower solubility of the gels at pH 4.2 and 3.9 as compared with that at higher pH values could be related to the third fact.
The quantification of each WP fraction in the DW supernatants was determined from the PAGE band densities (Fig. 4) , considering the amount of protein applied to the gel for each pH evaluated. Figures 6A and 6B show the WP composition in relation to the total protein in the gel (Eq. (2)), and Figure 6C shows the values calculated in relation to the initial amount of individual WP in the gel (Eq. (3)). The data shown in Figure 6A were obtained from the quantification of the Native PAGE (Fig. 4A) , while Figures 6B and 6C show the composition after disruption of aggregates 1 and 2 by the addition of SDS and β-mercaptoethanol (PAGE loading buffer, Fig. 4C ).
The composition of the WP fractions in water (DW) showed the U-shaped curve pattern as a function of pH like that of the total soluble protein (Fig. 2) , and WHC (Fig. 3) , with minimal values between pH 4.9 and 4.2. Greater values for solubility were observed for all fractions between pH 5.2 and 3.9, as also for WHC.
It was observed that β-Lg represented the greater part of the soluble protein (Fig. 6A ) even before disruption of aggregates 1 and 2 (Fig. 6B) . The α-La fraction was the second most soluble protein fraction, while BSA was the least soluble ( Figs. 6A and 6B ). It should be mentioned that when the composition was analysed Figure 5 . Reducing SDS-PAGE of the aggregates extracted from Native PAGE (Fig. 4A) by electroelution. Lanes 1 and 2 are the commercial and pure milk protein markers, respectively. Lane 3 corresponds to the aggregate 1 observed in Figure 4A , and lane 4 to aggregate 2.
with respect to the total protein of the gel (Fig. 6A) , the sum of each WP fraction and amount of aggregate at each pH was always the total water-soluble protein at each pH (data in Fig. 2) . The difference from 100% corresponds to the amount of waterinsoluble protein. When the composition was calculated in relation to the individual WP, the values for the composition were relatively greater (Fig. 6C ), but in this way it was possible to evaluate that β-Lg was the most soluble WP fraction. Figure 7 shows the precipitated fractions of the main whey proteins. BSA was the most precipitated fraction, with maximum precipitation at pH values between 5.2 and 4.2. α-La was the second most precipitated fraction, followed by β-Lg. These proteins showed maximum precipitation at pH values between 4.9 and 4.2. The occurrence of minimal solubility near the iso-electric point is due primarily to the lack of electrostatic repulsion, which promotes aggregation and precipitation via hydrophobic interactions. In addition, more protein is dissociated at pH values lower than 4.0, due to the predominance of repulsive electrostatic charge. Under both conditions, WP dissociated from the gel network would be available to interact with water by hydrogen bonding, leading to the higher values for WHC at pH 5.2 and below 4.0. visualised, while BSA bands were not seen at any of the pH values studied. Thus it was assumed that in buffer (B) large aggregates were separated from the protein matrix in the gel, and were probably linked to each other mainly by electrostatic interactions, confirming the protein solubility results. However, under reducing conditions (Fig. 8B) , the main WP bands were clearly marked, especially β-Lg and α-La. Therefore, the large aggregates observed in Figure 8A were probably maintained internally by S-S bonds formed between their WP constituents during the first heating step before gelation, or by a small fraction of β-Lg denaturated due to a disulphide bonds reshuffle occurring while the protein was maintained in the pH 8.0 buffer [17] . The PAGE results were more accurate at determining the S-S bonds than the solubility experiments, and this difference between the methods could be related to the amount of electrostatic interaction in relation to S-S bonding, showing that the combination of the two methods used was essential for an adequate analysis of the system interactions. This assumption was confirmed by the electrophoretic patterns obtained for the supernatants of the extracts obtained with (BM) under reducing and non-reducing conditions. Figures 8C  and 8D show that the main WP constituents were able to migrate in the resolving gel. Under both conditions, intense bands for β-Lg and less intense bands for α-La were visualised, while weaker bands for BSA were observed. Such a result confirms the role of S-S bonds in the stabilisation of the WP aggregates, as observed in Figures 8A and 8B . The PAGE results for the (BUM) extracts were similar to those of the (BM) supernatants and are not shown.
PAGE of buffer-soluble protein fractions
Mechanical properties of the gels at equilibrium pH
The mechanical properties are shown in Figure 9 . The values for stress at rupture (Fig. 9A ) and the elasticity modulus (Fig. 9B) exhibited a similar trend. At pH 5.2 (pI of the β-Lg fraction) the gels showed greater values for stress at rupture and for the elasticity modulus, while at pH 4.9 and 4.7 (pI range of the BSA fraction) no significant differences were observed. At pH 4.2 (pI of α-La) the lowest values for stress at rupture and elasticity modulus were found. The different acidification conditions and final pH values did not influence the strain at rupture properties of the systems studied (Fig. 9C) . This fact suggests that despite the different network strengths of the systems studied, the networks were similar with respect to their deformability properties.
The decreasing profile of stress at rupture and elasticity modulus in the pH range between 5.2 and 4.2 was similar to that observed for water solubility and WHC in the same pH range (Figs. 2 and 3, respectively). The former fact can be attributed to electrostatic repulsion of the β-Lg fraction, which weakened the structure, since at pH values below 5.2 the system departed from the β-Lg pI. This result suggests that the higher amounts of β-Lg in the WPI play an important role in gel network stabilisation, due to its ability to interact with proteins and aggregates close to its pI on account of its globular structure. However, at pH values below 5.2, a decrease in the solubility of the protein in water and in the WHC was also observed. The WHC properties were more closely linked to the protein disposable to interact with water than the gel network structure, suggesting that the whey protein fractions, especially β-Lg, provided water-holding capacity to the system due to their hydrophilic characteristics, including their pI.
CONCLUSION
Gel solubility in different buffer systems, in the presence or absence of denaturant agents, permitted the qualitative evaluation of the molecular interactions amongst the thermal WP aggregates in the gel network, when the final equilibrium pH values were achieved. Under the conditions studied, the interactions were mainly electrostatic, independent of the final pH, but hydrophobic and hydrogen bonds were present in minor intensity. However, it was observed that at pH 4.2 more hydrophobic interactions were present in relation to other final gel pH values, despite β-Lg and BSA being far from their pI values. Complementary electrophoretic analyses of the soluble protein in each buffer system were important for further evaluation. It was verified that disulphide bonds were present on a minor scale, and were probably associated with the internal stabilisation of WP aggregates (formed in the first heating step), that interacted with each other by electrostatic and hydrophobic bonding and also by hydrogen bonds in the gel network. The mechanical properties of the gels were influenced by the final system pH, especially at pH 5.2 and 4.2. The results suggested that although the interactions amongst the aggregates in the gel network were essentially the same at the pH values evaluated, the β-Lg played an important role in gel stabilisation due to its higher amount of WPI, strengthening the structure at its pI and at the same time providing good water-holding capacity.
